Haploinsufficiency of the progranulin (PGRN) gene (GRN) causes familial frontotemporal lobar degeneration (FTLD) and modulates an innate immune response in humans and in mouse models. GRN polymorphism may be linked to late-onset Alzheimer's disease (AD). However, the role of PGRN in AD pathogenesis is unknown. Here we show that PGRN inhibits amyloid b (Ab) deposition. Selectively reducing microglial expression of PGRN in AD mouse models impaired phagocytosis, increased plaque load threefold and exacerbated cognitive deficits. Lentivirus-mediated PGRN overexpression lowered plaque load in AD mice with aggressive amyloid plaque pathology. Ab plaque load correlated negatively with levels of hippocampal PGRN, showing the dose-dependent inhibitory effects of PGRN on plaque deposition. PGRN also protected against Ab toxicity. Lentivirus-mediated PGRN overexpression prevented spatial memory deficits and hippocampal neuronal loss in AD mice. The protective effects of PGRN against Ab deposition and toxicity have important therapeutic implications. We propose enhancing PGRN as a potential treatment for PGRN-deficient FTLD and AD. npg
PGRN is a secreted pleiotropic growth factor expressed in peripheral organs and the central nervous system. In the brain, PGRN is expressed in neurons and microglia [1] [2] [3] . Loss-of-function mutations in the GRN gene are an important cause of familial FTLD with TAR DNA-binding protein 43 (TDP-43)-positive inclusions (FTLD-TDP) [4] [5] [6] . Mouse models of PGRN deficiency exhibit abnormal neuronal and behavioral phenotypes [7] [8] [9] [10] and increased susceptibility to neuronal loss after toxin-induced injury 11 . How GRN mutations lead to neurodegeneration through haploinsufficiency is unknown. Recent studies have focused on the role of PGRN in modulating neuroinflammation [7] [8] [9] . PGRN-deficient mice exhibit increased expression of proinflammatory cytokines and exacerbated microglial activation and astrogliosis [7] [8] [9] [10] .
An elevated proinflammatory state contributes to the pathogenesis of neurodegenerative diseases, including AD [12] [13] [14] [15] [16] [17] . Genome-wide association studies have linked complement component receptor 1 (CR1), CD33 and triggering receptor expressed on myeloid cells 2 (TREM2) to an elevated risk for late-onset AD, implicating innate immunity in AD etiology 18, 19 . GRN polymorphisms associated with reduced PGRN levels also modify the risk for AD [20] [21] [22] . Individuals with a single basepair deletion that causes a frameshift mutation have clinical presentations that resemble AD or amnestic mild cognitive impairment 23 . Although PGRN deficiency is predominantly associated with TDP-43 pathology, some GRN mutation carriers, especially those expressing apolipoprotein E4, exhibit AD pathology, including amyloid aggregation, neurofibrillary tangles and TDP-43 mislocalization 24 .
Although PGRN deficiency is associated with a higher risk for AD, PGRN levels are upregulated in the microglia surrounding plaques in patients with AD 25, 26 . Whether this increase is protective or detrimental in AD pathogenesis is unknown.
Here we report that brain PGRN levels are reduced in mice expressing human amyloid precursor protein (encoded by APP) with familial AD-linked mutations (FAD) before plaque deposition. To investigate how reduced PGRN levels contribute to AD pathogenesis, we ablated or overexpressed Grn in APP mouse models and examined how neuronal, behavioral and inflammatory processes were affected. We investigated the role of microglia-derived PGRN by selectively ablating PGRN in myeloid cells in APP transgenic mice and found that PGRN enhances microglia-mediated phagocytosis and protects against Aβ-mediated neurotoxicity and cognitive deficits, suggesting increased PGRN as a new therapeutic strategy for AD.
RESULTS

Regulation of PGRN expression in APP transgenic mice
We first examined whether PGRN levels are altered in AD ( Supplementary Table 1 ) using a human PGRN ELISA (Supplementary Fig. 1a-c) . PGRN levels were significantly higher in AD brains than nondemented control brains, which is consistent with elevated PGRN expression around plaques (Fig. 1a) . We then established a mouse PGRN ELISA assay ( Supplementary Fig. 1d,e ) and measured PGRN in PDAPP Sw,Ind J20 (APP high ) mice at different stages of plaque deposition 27 . Notably, PGRN levels were significantly 1 1 5 8 VOLUME 20 | NUMBER 10 | OCTOBER 2014 nature medicine lower in the cortices of 3-and 7-month-old APP high mice with minimal plaque deposition but not in those of 27-month-old mice with extensive plaque pathology ( Fig. 1b) . To further investigate differential regulation of PGRN in AD mice with or without plaques, we measured PGRN in PDGF-APP Sw,Ind J9 (APP low ) mice, a mild amyloid model in which plaques develop at 10 months of age 27 , and in 5xFAD mice, an aggressive amyloid model in which plaques develop at 2 months of age 28 . Levels of PGRN protein were reduced in 11-to 12-monthold APP low mice with limited plaque pathology 27 but were elevated in 13-month-old 5xFAD mice with extensive dense-core plaques 25 (Fig. 1c,d) . Immunohistochemical analysis showed that PGRN was expressed in neurons and microglia, regardless of human APP (hAPP) expression ( Fig. 1e) . PGRN immunoreactivity exhibited remarkable colocalization with plaques at elevated levels (Fig. 1f) . Moreover, levels of Grn mRNA were upregulated in 13-month-old 5xFAD mice, which is consistent with the increase that was observed previously in aged APP/PS1 and BriAb42 mice, the other two mouse models with aggressive plaque deposition 25 (Supplementary Fig. 2 ). In contrast, lower PGRN protein levels in APP high or APP low mice lacking extensive plaques was not accompanied by reduced Grn mRNA levels ( Supplementary Fig. 2 ).
PGRN deficiency exacerbates Ab-dependent cognitive deficits and alters innate immune responses in APP transgenic mice
To test our hypothesis that PGRN deficiency contributes to AD pathogenesis, we ablated PGRN in APP low mice, which express low hAPP levels and exhibit no overt behavioral deficits 29 . PGRN deficiency did not affect APP processing in APP low mice, as the total levels of APP and those of αor β-secretase-cleaved C-terminal fragments (α-or β-CTFs, respectively) in the cortex and hippocampus were similar ( Supplementary Fig. 3 ). Levels of Aβ1-x (total Aβ) and Aβ1-42, which correlated with age, were also not affected by PGRN ablation (Supplementary Fig. 3 ).
We next investigated how PGRN deficiency affects AD-related behaviors. In the open field, APP low mice showed normal levels of activity regardless of Grn genotype ( Fig. 2a) . In the elevated plus maze, all genotypes showed preference to the closed arms except for APP low Grn −/− mice, which exhibited no preference. Thus, PGRN deficiency induced a disinhibition phenotype in APP low mice that is reminiscent of that observed in APP high mice 29 (Fig. 2b) . We used the Morris water maze (MWM) test to examine spatial learning and memory. Swim speed and latency in the visible platform trials were similar for all genotypes (Supplementary Fig. 4) . APP low and Grn −/− mice learned similarly to Grn +/+ mice; the modest spatial learning deficits of APP low Grn −/− mice were not significant ( Fig. 2c) . Notably, whereas mice lacking PGRN or expressing hAPP/Aβ alone exhibited normal spatial memory, APP low Grn −/− mice were significantly impaired in spatial memory retention: they exhibited no preference for the target quadrant and crossed the target platform fewer times than Grn −/− mice in the probe trial ( Fig. 2d,e ). These findings suggest that PGRN deficiency exacerbates cognitive deficits in mouse models of mild AD.
The levels of calbindin in the molecular layer of the dentate gyrus (DG) are depleted in APP high mice, and the extent of depletion npg correlates with spatial memory deficits 30 . In APP low mice, calbindin levels were unaffected, which is consistent with their relatively normal cognitive function ( Fig. 2f) . Deleting PGRN in APP low mice lowered calbindin immunoreactivity in the DG, consistent with impaired spatial memory in these mice. Microglia are the resident immune cells in the brain. Consistent with previous findings that PGRN deficiency exacerbates microgliosis 7,11 , CD68 immunoreactivity, a marker of activated microglia, was elevated by PGRN deficiency in the cortex and hippocampus, regardless of APP expression ( Fig. 2g,h) . In the hippocampus, APP low Grn −/− mice exhibited stronger CD68 immunoreactivity than APP low or Grn −/− mice ( Fig. 2h) . PGRN deficiency elevated the levels of the proinflammatory markers tumor necrosis factor-α (TNF-α) and interleukin-1α (IL-1α) only with hAPP expression ( Fig. 2i) . Levels of inducible nitric oxide synthase (iNOS), an inflammatory marker, were significantly reduced in APP low Grn −/− mice ( Fig. 2i) . PGRN deficiency with hAPP expression also altered the expression of anti-inflammatory M2 markers, increasing the levels of IL-4 and transforming growth factor-β (TGF-β) and decreasing those of vascular endothelial growth factor 1 (VEGF1) and COX2 ( Fig. 2j) .
Microglial PGRN deficiency increases plaque deposition and impairs phagocytosis PGRN is expressed in neurons and microglia. The potent immunomodulation induced by PGRN deficiency suggests an important role for microglia-derived PGRN. To examine how microglial PGRN modulates Aβ pathology, we selectively reduced the expression of PGRN in the microglia of APP high mice. Unlike APP low mice, which develop sparse plaque pathology even when they are 12 months of age, APP high mice express higher hAPP and Aβ levels and develop plaques at around 6-7 months of age 27 . We crossed mice expressing Cre recombinase under the control of the lysozyme M (LysM) promoter (LysM-Cre mice) with Grn flox/flox mice to drive PGRN deletion in cells of myeloid origin 31 . We isolated CD11b + microglia from adult mice by myelin depletion and separation with CD11bconjugated microbeads 32 . FACS analysis showed that 84-90% of the isolated cells were CD11b + microglia (Supplementary Fig. 5 ). LysM-Cre expression led to a 50% reduction of Grn mRNA in CD11b + microglia from the adult mouse brain, as measured by quantitative RT-PCR ( Fig. 3a) . Right, quantification of CD68 + immunoreactivity (n = 13, n = 12, n = 12 and n = 11 for the groups listed left to right). ***P < 0.001 by two-way ANOVA and Tukey-Kramer post-hoc analyses. Variances were significantly different between groups. There was a significant interaction between the APP and Grn genotype variables in hippocampal CD68 + immunoreactivity, ***P < 0.001. (i,j) Quantitative RT-PCR measurements of levels of M1 (i) and M2 (j) inflammatory markers from the cortex (n = 7, n = 7, n = 5 and n = 5 for the groups listed left to right). *P < 0.05, **P < 0.01 by two-way ANOVA and Tukey-Kramer post-hoc analyses. Variances were significantly different between groups for TNF-α and iNOS. There was a significant interaction between the APP and Grn genotype variables in IL-4, VEGF1 and COX2, *P < 0.05. All values are shown as the mean ± s.e.m. (a-j). npg 1 1 6 0 VOLUME 20 | NUMBER 10 | OCTOBER 2014 nature medicine Surprisingly, reducing microglial expression of PGRN by 50% led to a marked increase in hippocampal plaque load in 7-month-old APP high mice (Fig. 3b,c) . These effects on plaque deposition are not due to Aβ metabolism or hAPP processing, as the levels of soluble Aβ1-x or Aβ1-42, α-CTF, β-CTF and full-length APP were unaffected by reducing microglial expression of PGRN in 4-month-old APP high mice before plaque deposition ( Supplementary Fig. 6 ).
PGRN overexpression enhances microglial recruitment surrounding the injection site 33 . To determine whether microglial PGRN deficiency impairs microglial recruitment to amyloid plaques, we npg quantified induction of ionized calcium binding adaptor molecule 1 (Iba1) immunoreactivity surrounding the plaques and found no difference ( Fig. 3d,e ). In primary microglia, endocytosis of Aβ was enhanced by recombinant PGRN 33 . We next performed a phagocytosis assay with live brain slices from adult Grn flox/flox mice with or without expression of LysM-Cre ( Fig. 3f,g) . Fewer PGRN-deficient microglia (LysM-cre Grn flox/flox ) than wild-type microglia (Grn flox/flox ) phagocytosed fluorescent beads, suggesting that PGRN deficiency in microglia impairs phagocytosis in the adult brain ( Fig. 3f,g) .
Microglial PGRN protects against Ab toxicity APP high mice exhibit robust spatial learning and memory deficits at 6 months of age. To investigate whether microglia-derived PGRN affects Aβ-mediated cognitive deficits, we administered MWM test at 4 months of age at the onset of behavioral deficits in APP high mice. At this age before plaque deposition, Aβ levels did not differ with or without microglial expression of PGRN ( Supplementary Fig. 6 ), precluding differences in Aβ levels as a confounding factor. APP high and microglial PGRN-deficient mice exhibited strong trends in learning deficits, but only APP high mice lacking microglial PGRN exhibited a significant deficit in spatial learning (Fig. 4a) . The increased latency of these mice was not due to differences in swim speed (Fig. 4b) .
Also, APP high mice lacking microglial PGRN crossed the target platform fewer times than wild-type mice in the 24-h probe trial, which is consistent with a protective effect of microglial PGRN against Aβ-mediated cognitive deficits (Fig. 4c) .
To directly examine the protective effects of microglial PGRN on Aβ toxicity, we infected mixed cortical cultures, which contained neurons, microglia and astrocytes 34 , with a lentiviral vector encoding Grn under the macrophage colony-stimulating factor promoter (lenti-MCSF-PGRN) 34 . Compared with control virus, infection with lenti-MCSF-PGRN did not affect the number of neurons and astroglia, as indicated by similar levels of neuron-specific class III beta-tubulin (TUJ1) and glial fibrillary acidic protein (GFAP) ( Fig. 4d-f) . Notably, overexpression of PGRN in microglia reduced the levels of Iba1 significantly ( Fig. 4g) , which is consistent with suppression of microgliosis by endogenous PGRN in vivo 35 . To test the effects of microglial PGRN on Aβ toxicity, we treated mixed primary cultures with oligomeric Aβ from a cell line that constitutively expresses mutant APP (7PA2) 36 and identified surviving neurons by microtubule-associated protein 2 (MAP2) staining. PGRN levels were higher in the supernatants of cells infected with lenti-MCSF-PGRN, regardless of 7PA2 treatment (Fig. 4h) . Aβ treatment significantly decreased surviving MAP2 + neurons; microglial PGRN overexpression markedly enhanced neuronal survival ( Fig. 4i) .
PGRN overexpression decreases plaque load in 5xFAD mice
To determine whether PGRN protects against Aβ pathology and Aβ toxicity in vivo, we injected lentiviral vectors expressing mouse PGRN (lenti-PGRN) into 5xFAD mice, which express FAD-linked mutant APP and presenilin 28 . Compared with APP low and APP high mice, 5xFAD mice develop more aggressive plaque pathology earlier and exhibit marked neurodegeneration, particularly in the neocortex and subregions of the hippocampus 28, 37, 38 .
We unilaterally injected 5xFAD mice with similar titers of control lentivirus (lenti-Ctrl) or lenti-PGRN at 2 months of age and analyzed them 3 months later. PGRN immunoreactivity was much stronger in the ipsilateral hippocampus than on the contralateral side in the npg lenti-PGRN group, especially in the DG, where the injection was targeted ( Fig. 5a,b) . Injection of lenti-PGRN significantly decreased 3D6 (an antibody to Aβ)-and thioflavin S (ThioS)-positive plaque load in the ipsilateral DG, as quantified by the number of plaques and total plaque area; the control virus had no effect (Fig. 5c,d) . In non-DG hippocampus with weaker PGRN immunoreactivity, the 3D6positive, but not the ThioS-positive, plaque load was lower in the ipsilateral side. Moreover, PGRN levels, which differed mostly because of variability in virus-mediated expression, correlated negatively with 3D6-and ThioS-positive plaque load, as quantified by the number or total area of plaques in the DG (Fig. 5e,f) .
PGRN overexpression prevents neuron loss and memory deficits
To further determine whether overexpressing PGRN protected against neurodegeneration and cognitive deficits in 5xFAD mice, we injected equivalent amounts of lenti-PGRN or lenti-Ctrl bilaterally into the DG of 2-month-old 5xFAD mice and examined them 3 months later. The hippocampi of 5xFAD mice injected with lenti-Ctrl contained fewer NeuN-positive neurons than those of nontransgenic (NTG) mice ( Fig. 6a,b) . Overexpressing PGRN with lenti-PGRN injection abolished the loss of hippocampal NeuN-positive neurons (Fig. 6a,b ) and led to a trend toward increases in calbindin levels in the CA1, but not DG, region of 5xFAD mice (Supplementary Fig. 7) . These findings support the protective role of PGRN against Aβ-mediated neuronal deficits in vivo. We next examined the effects of PGRN on hippocampal function in the cued Y maze, where mice were allowed to explore two of three arms freely, where the arms were identifiable with spatial cues. We introduced mice into the same start arm and allowed them to explore all three arms 2 h later. Control noninjected mice with normal spatial memory preferred the novel arm (Fig. 6c) . 5xFAD mice injected with lenti-Ctrl showed no preference. Mice injected with lenti-PGRN preferred the novel arm, exhibiting enhanced spatial memory (Fig. 6c) . PGRN overexpression had no effect on NTG controls (Fig. 6d) . In a contextual fear-conditioning test, 5xFAD and NTG mice injected with lenti-PGRN or lenti-Ctrl showed similar baseline and post-shock freezing during the training period ( Fig. 6e,g) npg higher levels of freezing than control injection in 5xFAD mice but had no effect in NTG mice (Fig. 6f,h) .
We performed control experiments to determine whether lenti-PGRN affected non-hippocampus dependent behaviors. 5xFAD mice exhibited largely normal working memory, as measured by the percentage of alterations in the small Y maze. Overexpressing PGRN did not affect working memory in 5xFAD or NTG mice ( Supplementary  Fig. 8a,b) . In the elevated plus maze, overexpressing PGRN did not affect 5xFAD mice or NTG controls; 5xFAD mice exhibited a disinhibition phenotype regardless of PGRN overexpression ( Supplementary  Fig. 8c,d) . Thus, hippocampal PGRN expression protected against Aβ-mediated spatial and contextual fear deficits with little effect on non-hippocampus dependent functions.
DISCUSSION
Here we show that PGRN protects against Aβ toxicity and Aβ deposition in AD mouse models. Ablating Grn exacerbated cognitive and neuronal deficits and induced aberrant immune responses. PGRN deficiency in microglia impaired phagocytosis and increased plaque load. Moreover, PGRN overexpression reduced plaque load and ameliorated neuronal loss and cognitive deficits. These findings establish a causal role for PGRN in AD pathogenesis, which is consistent with the genetic association of PGRN deficiency with increased risk of late-onset AD.
Unlike previous studies on plaque-dependent PGRN regulation 25, 26 , we examined plaque-independent PGRN regulation. In three AD mouse models, PGRN protein was downregulated when plaque deposition was minimal but was elevated in mice with extensive dense-core plaques. Upregulation of PGRN by dense-core plaques probably occurs at the transcriptional level, whereas plaque-independent downregulation involves post-transcriptional or post-translational mechanisms. The differential regulation could result from soluble Aβ oligomers as compared to fibrils. Microglial PGRN could be upregulated by Aβ fibrils associated with plaques; Aβ oligomers could downregulate PGRN expression in neurons and microglia through alteration of signaling pathways. For example, PGRN expression is downregulated by toll-like receptor (TLR) ligands (for example, LPS, the ligand for TLR4, and poly-IC, the ligand for TLR3) and proinflammatory cytokines (for example, IL-1 and interferon-γ (IFN-γ)) 39 . Related pathways may be involved in downregulating PGRN expression in AD mouse models at early disease stages. PGRN expression could also be regulated by non-Aβ factors, including C-terminal hAPP fragments and associated downstream signaling. Moreover, PGRN could be cleaved by proteases (for example, matrix metalloproteinases) into granulins that exert divergent biological functions 39, 40 . Further studies will be needed to establish whether enhanced aberrant cleavage of PGRN contributes to PGRN deficiency in AD.
Our study demonstrates a causative role of PGRN deficiency in AD pathogenesis in vivo. Deleting Grn in APP low mice, which alone do not exhibit AD-related behavioral and neuronal changes because of low levels of hAPP expression, led to deficits similar to those of APP high mice. These findings suggest that downregulating PGRN early renders the brain vulnerable to Aβ toxicity. One striking phenotype of PGRN deficiency is accelerated lipofuscinosis in humans 41 and mice 42, 43 . However, accelerated lipofuscinosis is unlikely to underlie the exacerbated Aβ-mediated deficits and toxicity in APP low Grn −/− mice. Selectively reducing microglial PGRN in APP transgenic mice, which does not accelerate lipofuscinosis, led to exacerbated plaque deposition and cognitive deficits. PGRN overexpression also did not affect lipofuscinosis directly. Age-dependent lipofuscinosis can be measured by autofluorescence 44, 45 . We injected lenti-PGRN or lenti-Ctrl into the hippocampi of 16-to 20-month-old NTG mice and showed that PGRN overexpression had no effect on aging-dependent lipofuscinosis (Supplementary Fig. 9) .
The protective effects of PGRN are not likely to be Aβ specific; PGRN exerts neuroprotection in a number of acute and chronic neuronal injury models. In zebrafish, overexpressing PGRN rescues axonopathy induced by PGRN knockdown or mutant TDP-43 overexpression 46 . PGRN overexpression also promotes cell survival against apoptotic challenge in cultured motor neuron cell lines 47 . PGRN could activate survival pathways in neurons directly or in a non-cell autonomous manner. Targeted expression of PGRN in microglia in mixed cortical cultures strongly protected against Aβ toxicity. Phosphorylated tau remained unchanged by PGRN overexpression in wild-type and 5xFAD mice, suggesting that the protective effects are not tau dependent (Supplementary Fig. 10) . Extracellular PGRN can stimulate the activation of the MEK-ERK and PI3K-Akt pathways to protect against glutamate toxicity and neurotoxins in cultured neurons 48 . Further studies will be needed to establish whether these pathways are involved in protecting against Aβ toxicity in vivo.
PGRN deficiency in microglia reduced the phagocytosis of beads in adult brains, suggesting that phagocytosis of Aβ aggregates was impaired. Indeed, microglial PGRN deficiency markedly increased plaque load in APP high mice without affecting soluble Aβ levels. In complementary experiments, PGRN overexpression lowered plaque load, and the amount of PGRN overexpression correlated negatively with plaque load in a model of aggressive plaque deposition (5xFAD). These findings indicate that microglia-derived PGRN exerts an antiamyloidogenic effect in vivo, probably through enhanced phagocytosis. Our findings are consistent with the finding that recombinant PGRN increases Aβ internalization by primary microglia 33 . In contrast to microglia, PGRN-deficient peritoneal macrophages show increased phagocytosis of apoptotic cells 49 , whereas PGRN-deficient bone marrow-derived macrophages exhibit normal phagocytosis 7 . Given the many differences between microglia and macrophages 50-52 , it is not surprising that they are regulated differentially by PGRN deficiency. Moreover, because different receptors mediate phagocytosis in microglia, the uptake of beads, apoptotic cells or Aβ might require different mechanisms. Various pathways could underlie the regulation of microglial phagocytosis by PGRN. Previous studies showed that inhibiting nuclear factor-κB (NF-κB) restores the ability of proinflammatory cytokine-induced microglia to phagocytose Aβ in culture 53, 54 . Ongoing studies will determine whether inhibition of NF-κB signaling would restore normal function in PGRN-deficient microglia.
Our finding that PGRN has a substantial protective role in AD pathogenesis suggests that PGRN-enhancing therapies developed for the treatment of FTLD could also be beneficial for AD. However, the differential roles of neuronal and microglial PGRN are poorly understood, and further study will be needed to determine how each exerts its neuroprotective and plaque-reducing effects.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
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We thank M. Finucane for statistical analyses, J. Lau and W. Weiss for technical advice, B. Miller and L. Mitic for discussions, G. Howard and A. Lucido for editorial review, J. Carroll and T. Roberts for graphics assistance, V. Shen and npg ONLINE METHODS Mice. Mice were housed in a pathogen-free barrier facility with a 12-h light, 12-h dark cycle and ad libitum access to food and water. All animal procedures were carried out under University of California, San Francisco, Institutional Animal Care and Use Committee-approved guidelines. Grn was genetically ablated from APP low mice by crossing PDAPP Sw,Ind J9 mice (C57BL/6) 27 with Grn −/− mice 11 to generate APP low Grn +/− mice, which were further crossed with Grn +/− mice to generate Grn +/+ , Grn +/− , Grn −/− , APP low Grn +/+ , APP low Grn +/− and APP low Grn −/− mice. To remove Grn from myeloid cells, Grn flox/flox mice 11 were crossed with mice expressing Cre recombinase under the control of the lysozyme M (LysM) promoter 31 (Jackson Laboratory, Bar Harbor, Maine). LysM-cre + Grn flox/flox mice were crossed with APP high (PDAPP Sw,Ind J20) mice 27 to generate LysM-cre − Grn flox/flox , LysM-cre + Grn flox/flox , APP high LysM-cre − Grn flox/flox and APP high LysM-cre + Grn flox/flox mice. We obtained 5xFAD mice (034840-JAX), which overexpress human APP with the Swedish (K670N and M671L) , Florida (I716V) and London (V717I) mutations and human PS1 with the M146L and L286V mutations 28 , and NTG controls from the Mutant Mouse Regional Resource Centers. Gender-balanced groups were used for all experiments except for the NTG control group of 5xFADmice; only male mice were used in this group. The sample size for each experiment was determined on the basis of previous experiences with these models.
Brain harvest and immunohistochemistry. Brains were perfused with 0.9% saline, followed by fixation with 4% paraformaldehyde (PFA) for 24 h and incubation in 30% sucrose for 48 h. Brains were sectioned into 30-µm slices on a Leica SM2010R freezing microtome, permeabilized in Tris-buffered saline (TBS) with 0.5% Triton X-100 and blocked with 10% normal donkey serum. For 3,3′-diaminobenzidine (DAB) immunohistochemical staining, sections were quenched to suppress endogenous peroxidase activity, followed by incubation with anti-calbindin (CB38, 1:15,000, Swant, Switzerland), anti-CD68 (MCA1957GA, 1:500, Serotec, Raleigh, NC) or biotinylated 3D6 (5 µg/ml, Elan, South San Francisco, CA). Immunoreactivity was detected with 0.25 mg/ml DAB with 0.01% H 2 O 2 . Images were acquired on a bright-field Leica DM5000B microscope with a Leica DFC310 FX camera. For ThioS staining, sections were incubated in 0.25% filtered potassium permanganate, 2% K 2 O 5 S 2 with 1% oxalic acid and 0.015% filtered ThioS in 50% ethanol. For immunofluorescence staining, sections were incubated with anti-Iba1 (#019-19741, 1:500, Wako, Osaka, Japan), 3D6 (5 µg/ml, Elan), anti-NeuN (MAB377, 1:500, Millipore) or anti-MAP2 (MAB3418, 1:300, Millipore), Immunoreactive structures were detected with Alexa Fluor donkey anti-mouse or rabbit secondary antibodies in the 405-, 488-, 555-or 647-nm range (Invitrogen, Carlsbad, CA). PGRN expression was detected after antigen retrieval with 10 mM citrate (pH 6.0) for 30 min at 90 °C. Sections were blocked in TBS containing 10% calf serum (Sigma, St. Louis, MO), 3% BSA, 1% glycine and 0.4% Triton X-100, incubated with anti-PGRN (AF2557, 1:200, R&D Systems) and detected with Alexa Fluor donkey anti-sheep (405 or 555 nm). Immunofluorescent images were acquired on a Nikon ECLIPSE Ti 2000 spinning disk confocal microscope. Volocity software (PerkinElmer, Waltham, MA) was used for immunofluorescent quantification, and ImageJ software was used for DAB immunohistochemical quantification, as described with minor modifications 55, 56 . Regions of interest were drawn around the DG and non-DG HP regions, and 3D6-and ThioS-positive immunoreactivity was quantified in each subregion. For plaque analysis of lenti-PGRN-injected mice, two mice were excluded because of a lower than twofold increase in PGRN; however, these mice were included for correlational analyses. For quantification of NeuN staining, images were acquired on a Keyence BZ-9000 fluorescence microscope (Keyence Corporation of America, Itasca, IL), and stitched images were analyzed with BZ Analyzer software for deconvoluted fluorescence quantification. Experimenters quantifying the immunoreactive structures were blind to the genotype and treatment of the mice.
Quantification of lipofuscin.
Hippocampi of 16-to 20-month-old NTG 5xFAD mice were unilaterally injected with lenti-Ctrl or lenti-PGRN, and mice were euthanized 7 weeks later. Brains were fixed and sectioned as described above, followed by PGRN staining with sheep anti-PGRN and anti-sheep Alexa-488 secondary antibodies (Life Technologies). Autofluorescence imaging of lipofuscin was identified as an overlapping signal in both the Cy3 and Cy5 filter sets on a Keyence BZ-9000 digital fluorescence microscope. Percentage areas of PGRN immunoreactivity and autofluorescent material were quantified using Volocity software.
Western blot and ELISA. For western blot analysis of cortical full-length APP or APP fragments and tau, cortices were lysed with a Dounce homogenizer in a 10× volume of radioimmunoprecipitation assay (RIPA) buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 0.25% sodium deoxycholate, 1% Nonidet P-40, 1 mM EDTA and protease and phosphatase inhibitors. Lysates were sonicated briefly and centrifuged at 18,000g at 4 °C for 15 min, and the supernatant was collected. Protein concentrations from brain lysates were determined by the Bradford method, and 60 µg of proteins were resolved on a 4-12% SDS-PAGE gel, transferred to a nitrocellulose membrane, blocked with 5% milk and probed for full-length APP and APP fragments with 8E5 (Elan) or anti-CT15 (a kind gift from E.H. Koo, University of California at San Diego, CA), total tau with Tau 5 (Life Technologies) or phosphorylated tau with PHF1 (a kind gift from P. Davies, Albert Einstein Medical College, NY). Anti-GAPDH (MAB374, 1:5,000, Millipore, Billerica, MA) was used as a loading control. For western blot analysis of hippocampal APP and APP fragments, guanidine lysates were precipitated with 90% ethanol at −20 °C for 24 h and centrifuged at 18,000g for 15 min. The pellets were subsequently washed with 90% ethanol and air dried. After addition of sample buffer and boiling at 95 °C for 10 min, samples were run on 4-20% Tris-glycine gels (EC6025BOX, Life Technologies), transferred to a polyvinylidene difluoride membrane (#162-0177, Bio-Rad) and blotted with CT15 or 8E5.
For mouse PGRN ELISA, high-binding 96-well EIA/RIA plates (Corning, Corning, NY) were coated overnight with a polyclonal antibody raised against mouse PGRN (2 µg/ml) and blocked with 1% BSA for 1 h at 37 °C. Plates were incubated with brain lysates (1:50) or mouse recombinant PGRN (0-16 ng/ml, AF2557, R&D Systems) for 1 h at 37 °C, followed by sequential incubation with anti-PGRN (0.2 µg/ml, R&D Systems), anti-sheep biotinylated IgG (1:5,000, R&D Systems) and streptavidin-horseradish peroxidase (HRP) conjugate (1:10,000, Thermo Fisher Scientific). Similarly, for full-length human PGRN ELISA, 96-well plates were coated overnight with a monoclonal antibody raised against C-terminal PGRN (0.77 µg/ml) and blocked with 1% BSA for 1 h at 37 °C. Plates were incubated with RIPA-homogenized brain lysates (1:50) or human recombinant PGRN (0-32 ng/ml, 2420, R&D Systems) for 1 h at 37 °C, followed by sequential incubation with an N-terminal monoclonal PGRN antibody (1.5 µg/ml), anti-mouse biotinylated IgG (1:5,000, Vector Laboratories, Burlingame, CA) and streptavidin-HRP conjugate (1:10,000, Thermo Fisher Scientific). For validation of the human PGRN ELISA, human lymphoblast cell lines from deidentified human subjects were obtained from the University of California, San Francisco Memory and Aging Center. Lines from five separate heterozygous GRN mutation-carrying subjects and five non-mutation carrying siblings were grown in DMEM with 10% fetal calf serum at equal cell densities for 72 h. Conditioned medium was collected, and cells were lysed in RIPA buffer. For both mouse and human PGRN ELISA, the reactions were developed at room temperature with 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Thermo Fisher Scientific), quenched with 1 N HCl and read at 450 nm on a SpectraMax M5 spectrophotometer (Molecular Devices, Sunnyvale, CA). For Aβ ELISA, hippocampal and cortical tissues were lysed with guanidine buffer and measured by ELISA as described 57 . Antibodies 266 (for Aβ1-x) and 21F12 (for Aβ1-42) were used as capture antibodies, and biotin-conjugated 3D6 was used as the detection antibody (Elan Pharmaceuticals through Material Transfer Agreement).
Adult microglia isolation. Adult microglia were isolated as described with minor modifications 32 . Briefly, brains were perfused with ice-cold PBS, chopped and minced with a razor blade in 5 ml of RPMI with l-glutamine medium containing 6% collagenase and 3 U/ml dipase. After 45 min incubation with DNase I (0.2 U) at 37 °C, enzymes were deactivated with an equal volume of PBS containing 2.5 mM EDTA and 1% FBS. Cells were triturated thoroughly and passed through a 70-µm filter, centrifuged at 300g for 5 min at 18 °C and resuspended in FACS buffer (500 mM EDTA, 0.5% BSA and 0.09% sodium azide in PBS). Myelin-removal beads (Miltenyi Biotec, Auburn, CA) were added for 15 min at 4 °C. After centrifugation, cells were resuspended in FACS buffer and magnetically separated with the autoMACS pro-separator per the manufacturer's protocol (Miltenyi Biotec). After myelin removal, cells from two to three brains per genotype were combined, selected for CD11b + with CD11b microbeads (Miltenyi Biotec) and separated with autoMACS. Microglial purity was determined by incubating CD11b + cells with an CD11b-FITC antibody (1:200, clone M1/70.15.11.5, Miltenyi Biotec) for 30 min on ice, followed by flow cytometry on a FACSAria II (BD Biosciences).
Quantitative real-time PCR.
To measure Grn mRNA from adult microglia, CD11b + cells were purified as described and resuspended in RLT] buffer (Qiagen) with 1% β-mercaptoethanol (β-ME). To measure the mRNA levels of cytokines, cortical brain tissue was homogenized with a 21-G needle in RLT buffer with 1% β-ME. RNA was isolated per the RNeasy isolation kit instructions (Qiagen, Valencia, CA), and the remaining DNA in the sample was removed by incubation with RNase-free DNase (Ambion, Austin, TX). RNA was converted to cDNA by the TaqMan reverse transcription (RT) kit (Applied Biosystems, Foster City, CA). Real-time RT-PCR was performed on the ABI7900HT sequence detector (Applied Biosystems) with SYBR Green (Applied Biosystems). The relative gene expression was quantified as 2 −∆Ct . The mean value of replicates of each sample was expressed as the threshold cycle (Ct) at which the level of fluorescence begins to increase rapidly. The amount of gene expression was calculated as the difference (∆Ct) between the Ct value of the sample for target gene and the Ct value of that sample for the endogenous control GAPDH (∆Ct = Ct(target gene) − Ct(GAPDH)). The relative amount of gene expression for each target gene was determined by 2 −∆Ct and expressed as the fold change compared with control. The primers used for real-time RT-PCR are listed in Supplementary Table 2 .
Primary culture. Preparation of primary cultures was performed as described 34 . Briefly, cortices from postnatal day (P) 0 or P1 rat pups (male and female Sprague Dawley) were isolated and plated at 160,000 cells ml −1 on glass coverslips in DMEM, 10% FBS, GlutaMAX, 100 units/ml penicillin and 100 µg ml −1 streptomycin. Cultures were infected with an equal amount (~1 × 10 7 PFU) of lenti-MCSF-Ctrl or lenti-MCSF-PGRN at 5 days in vitro (DIV), followed by treatment with 7PA2 conditioned medium 36, 58 at DIV7-DIV9 for 48-72 h. Cells were fixed with 4% PFA and immunostained with anti-MAP2 (1:300, Millipore). Surviving MAP2 + neurons were counted on a Leica DM5000B microscope. The experimenter who scored the MAP2 + neurons was blinded to treatment of the cultures. For western blot analysis of cell type-specific markers, cultures were infected with an equal amount of lentivirus at DIV5 and harvested at DIV7. Cells were immunoblotted with anti-GFAP (MAB3402, 1:5,000, Millipore), anti-TUJ1 (MRB-435P, 1:1,000, Covance, Princeton, NJ), anti-Iba1 (1:1,000, Wako) or anti-GAPDH (MAB374, 1:5,000, Millipore).
Phagocytosis assay. The phagocytic activity of adult microglia in the hippocampi of live brain slices was analyzed as described 59 . Brains from LysM-cre + Grn flox/flox or LysM-Cre − Grn flox/flox mice were washed in carbogen-saturated (95% O 2 and 5% CO 2 ) artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 126; KCl 2.5; MgSO 4 1.3; CaCl 2 2.5; NaH 2 PO 4 1.25; NaHCO 3 26; and d-glucose 10; pH 7.4 (all from Sigma). Coronal slices (130 µm) were prepared using a vibratome (Microm, Walldorf, Germany) at 4 °C and allowed to rest in ACSF buffer at room temperature for 1 h before incubation with red fluorescent carboxylated microspheres (1 µm diameter, FluoSpheres, Invitrogen, 1:100) in PBS (Cellgro) containing 4.5 g l −1 d-glucose (Sigma) for 60 min at 37 °C. The slices were washed and fixed with 4% PFA. To visualize microglia, slices were permeabilized (2% Triton X-100, 2% BSA and 10% donkey serum in PBS) and incubated with anti-Iba1 (1:750, Wako), followed by donkey anti-rabbit Alexa 488 (1:250, Invitrogen) and Hoechst 33258 (Sigma-Aldrich, 1:10,000). Imaging was performed with a Nikon ECLIPSE Ti 2000 spinning disk confocal microscope with a 20× objective. Slice-spanning Z-stack images (1-µm step size) were acquired and analyzed using ImageJ MacBiophotonics cell counter plugin.
Stereotaxic injections.
Lentiviruses were prepared by cotransfection of a lentiviral shuttle vector encoding mouse PGRN and packaging vectors into HEK293T cells, followed by ultracentrifugation of the viral supernatant as described 60 . Mice were anesthetized with Avertin (250 mg per kg body weight) by intraperitoneal injection and secured on a stereotaxic frame (Kopf Instruments, Tujunga, CA). 3 µl of lenti-Ctrl or lenti-PGRN was delivered to the DG at a rate of 0.5 µl min −1 (anteroposterior (AP) −2.1, mediolateral (ML) ±1.7, dorsoventral (DV) −2.1). Mice were assigned into gender-and age-matched treatment groups using a randomized block design. For mice subject to plaque analyses, mice were unilaterally injected with lenti-Ctrl or lenti-PGRN at 2 months of age and harvested 3 months later. The preset criterion for exclusion from analysis was a less than twofold increase in ipsilateral PGRN immunoreactivity compared to the contralateral side. For mice subject to behavioral tests, lenti-Ctrl or lenti-PGRN was bilaterally injected at 2 months of age, and the mice were tested behaviorally at 4 months of age before harvest at 5 months of age.
MWM.
Behavior experiments were conducted during daylight hours. The water maze consisted of a pool (122 cm in diameter) containing opaque water (20 ± 1 °C) and a platform (10 cm in diameter) submerged 1.5 cm. Hidden platform training (days 1-5) consisted of ten sessions (two per day, 2 h apart), each with two trials. The mouse was placed into the pool at alternating drop locations for each trial. A trial ended when the mouse located the platform and remained motionless on the platform for 5 s for a maximum of 60 s per trial. Performance was measured with EthoVision video tracking (Noldus Information Technology). Probe trials were conducted 1 and 5 d after training. Visible platform training, where the platform was cued with a mounted black-and-white striped mast, was conducted for four sessions after the conclusion of probe trials. Preset criteria for exclusion from the analysis included floating and thigmotaxic behaviors, neither of which was observed in current studies.
Elevated plus maze. The elevated plus maze consisted of two open and two enclosed arms elevated 63 cm above the ground (Hamilton-Kinder, Poway, CA). Mice were first allowed to habituate in the testing room under dim light for 30 min. During testing, mice were placed at the junction between the open and closed arms of the maze and allowed to explore for 10 min. The distance traveled and time spent in the open and closed arms were determined. The maze was thoroughly cleaned with 70% ethanol between testing sessions.
Cued Y maze. The cued version of the Y maze assesses short-term memory of the familiarity of a specific context 61 . For the initial training trial, the mouse was placed at the end of one arm of a large Y maze designated the start arm (arm length, 50 cm). The third arm of the maze was blocked off, allowing the mouse to explore two of the three arms freely (start arm and familiar arm) for 5 min. Each arm contained spatial cues. Two hours later, the mouse was placed back into the maze in the start arm and allowed to explore all three arms with the third arm unblocked (novel arm). Movements in and out of each arm were tracked using automated tracking software (Noldus). Testing was performed under dim lighting, and the apparatus was cleaned with 70% ethanol between trials.
Small Y maze.
Mice were placed in the center of a small Y maze (arm length, 15 cm), and spontaneous alternation was recorded in a single continuous 6-min trial by a live observer. Each of the three arms was designated a letter A-C, and entries into the arms were recorded (e.g., A, B, C, B, A). The percentage of spontaneous alternation was calculated over the total number of entries possible. Testing was performed under dim lighting, and the apparatus was cleaned with 70% ethanol between trials.
Contextual fear conditioning. Experiments were conducted in Quick Change
Test chambers (Med Associates), which were cleaned with 1% acetic acid to provide a strong contextual odor. Mice underwent 2 d of training during which the mouse was placed in the chamber and allowed to acclimate for 3 min. After 3 min, a 0.4-mA foot shock was administered for 2 s. The mouse remained in the chamber for an additional 1 min. Baseline freezing was recorded for the entire 3-min pre-shock interval on day 1. The percentage time freezing was also recorded for the 1 min after the shock on day 2. For testing on day 5, mice were placed in the chamber for 12 min, and percentage time freezing was measured in 3-min intervals. Mice that did not show freezing behavior after shock on day 1 were excluded from analysis. 
